ABSTRACT Laboratory studies were conducted to identify the sex pheromone of Tyta luctuosa (Denis and Schiffermuller), a Eurasian noctuid moth that has been imported and released to aid in control of Þeld bindweed, Convolvulus arvensis L. Using gas chromatography-mass spectrometry, together with electroantennogram and windtunnel bioassays of male moths, two compounds, (Z)-9-tetradecenal and (Z)-11-hexadecenal, were identiÞed as the major pheromone components. Wholegland extracts contained these components, as well as two other major compounds, (Z)-9-tetradecanol and (Z)-11-hexadecanol. However, the two alcohols were not detected in airborne emissions of calling females. Ratios of Z9 Ð14:ALD to Z11Ð16:ALD were markedly different for whole-gland extracts and airborne emissions (1:3 and 2:1, respectively). Also, although the total amount of the two compounds varied nearly eight-fold among individuals (22Ð167 ng, mean 75 Ϯ 56 ng [SD]) in gland extracts, the Z9 Ð14:ALD/Z11Ð16:ALD ratio was relatively constant (0.3 Ϯ 0.15). On average, calling females released 94 ng of Z9 Ð14:ALD and 45 ng Z11Ð16:ALD per hour, with a mean ratio of 2.2. In wind tunnel tests, 69% of males exhibited complete upwind ßights and touched the stimulus source in response to a synthetic pheromone blend that mimicked the female-produced Z9 Ð14:ALD/Z11Ð16:ALD airborne concentration and ratio, as compared with 82% and 50% in response to calling females and pheromone gland extracts, respectively. Tyta luctuosa adults are vagile, and both adults and larvae are cryptic in the Þeld-factors that make recoveries of released insects unlikely. Therefore, our data will contribute to the development of a pheromone-based monitoring tool to help assess colonization and establishment of this potentially useful weed biological control agent.
FIELD BINDWEED, Convolvulus arvensis L., is an introduced species that is considered to be one of the most important weeds on crops throughout most of North America (Holm et al. 1977) . Its widespread distribution and biological characteristics make it difÞcult and costly to manage with conventional herbicides or tillage practices Weller 1984a, b, Weaver and Riley 1982) . As a result, Þeld bindweed has been evaluated as a target for classical biological control Buckingham 1982, Rosenthal 1985) .
The noctuid moth, Tyta luctuosa (Denis and Schiffermuller), is one of only two natural enemies approved for release on Þeld bindweed in North America (Rosenthal 1995) . Its potential usefulness as a biological control agent is supported by previous research in Europe (Rosenthal 1978 , Rosenthal et al. 1988 ) and the U.S. (Chessman et al. 1997) . Since 1993, we have made periodic releases of T. luctuosa in Kansas. However, we have made no recoveries and therefore do not know if this moth has become established. Observations indicate that adult moths are highly vagile. Furthermore, both adults and larvae possess cryptic markings. These attributes, combined with the vegetational complexity and widespread distribution of Þeld bindweed, make direct recoveries of released insects improbable. Consequently, our ability to assess whether survival and colonization of this natural enemy are occurring is limited. Sex pheromone traps, which exploit intraspeciÞc chemical communication between adult female and male moths, may provide a viable sampling alternative.
Pheromones have been widely used in the Þeld to attract insects (McNeil 1991) . However, nearly all lepidopteran species whose pheromones have been identiÞed are pests, whereas only a few are considered to be beneÞcial (Arn et al. 2000) . If a sex attractant were available for T. luctuosa, this technique could be extended to beneÞt a biological control program. Use of a sex pheromone to attract male moths could provide a more reliable and efÞcient means of evaluating the potential for establishing this bindweed feeder. Furthermore, if T. luctuosa were to become established, this technique would allow long-term assessment of natural or human-assisted dispersal of this biological control agent. The sex pheromone of T. luctuosa has not been identiÞed. Therefore, the objective of this study was to isolate and identify components of the sex pheromone as a basis for developing a pheromone trap for T. luctuosa.
Materials and Methods
Insect Colony and Rearing Procedures. Our colony of T. luctuosa originated from the F1 pupae of adult moths that were collected near Rome, Italy. We reared T. luctuosa in environmental growth chambers that were maintained under a photoperiod of 16:8 (L:D) and Ϸ25ЊC. Mixtures of female and male moths (Ϸ1:1 ratio) were held in glass jars containing a cotton ball soaked in Gatorade (Gatorade, Chicago, IL) as adult food and covered by paper toweling. Eggs were transferred on the toweling to ventilated plastic boxes that contained a bouquet of Þeld bindweed foliage. Larvae were reared on bindweed (that was added daily) until late Þfth instars stopped feeding. A soil-sand mixture was then added to the boxes to provide a substrate for pupation. Cocoons containing pupae were sieved from the soil and placed in ventilated plastic boxes until adult emergence.
For experiments, pupae were removed from cocoons and sexed. These were placed individually in glass shell vials (8.3 ϫ 3.8 cm [l ϫ d]) with a paper strip and a plastic cap that had a screened circular window. Emergence was checked daily, at one hour before lights-off. Once a moth emerged, a cotton ball saturated with Gatorade was added to each vial as a food source. The day of emergence was designated day 0. Pupae and adults were kept in growth chambers as described previously; adults of each sex were held in separate growth chambers.
Pheromone Collection. Pheromone gland extracts were prepared from 2-to 3-d-old virgin female moths. Calling females were immobilized by CO 2 and the pheromone gland was excised from the end of abdomen. Glands were pooled (n ϭ 5) and extracted with dichloro-methane (CH 2 Cl 2 ) (10 l per gland) for 10 or 30 min. To quantify the major pheromone components, individual glands were extracted for 10 min in 50 l CH 2 Cl 2 containing 90 ng of internal standard (n-pentadecanal).
Airborne emissions were collected from individual virgin female moths. A moth was placed in a glass tube (15 ϫ 2.5 cm diameter) whose upstream end held Þve layered discs of 1.27 cm-thick carbon-infused polyester material containing 150% activated carbon (Lewcott Corp., Millbury, MA) as an adsorbent material to purify incoming air. This low-drag Þltering material traps a wide range of airborne contaminants but still allows unimpeded passage of water vapor (Heath and Manukian 1992) . Air was pulled through the device with a vacuum pump at 100 ml/min. Emissions were collected from calling moths for one hour using a glass tube (8 cm ϫ 2 mm i.d.) containing Ϸ40 mg of the adsorbant, 80/100 mesh Super Q (Alltech Associates, Inc., Applied Science Labs, DeerÞeld, IL) held between glass wool plugs. The collection tube was joined by a Teßon connector to the chamber holding the calling female. To quantify collected pheromone, 90 ng of the internal standard, n-pentadecanal, was applied by syringe to the top of the adsorbant immediately after stopping the collection. The column was then washed with 300 l CH 2 Cl 2 to elute pheromonal chemicals. Eluates were concentrated under N 2 and analyzed immediately.
Analytical Methods. Solutions of both glandular extracts and airborne emissions were concentrated to about 1 l under a gentle nitrogen stream. The concentrates were then analyzed by gas chromatography. The GC ( Operating conditions were as follows: oven temperature programmed from 80ЊC to 240ЊC at 10ЊC or 5ЊC/min and held at 80ЊC for 2 min; injector and detector temperature set at 240ЊC and 250ЊC, respectively. Helium was used as the carrier gas at a linear ßow rate of 20 to 25 cm/s. Data were collected and analyzed on a PC using GRAMS/386 software (Galactic Industries Corp., Salem, NH). Provisional pheromone component identiÞcations were made by comparing retention indices of natural compounds with those of known standard synthetic compounds (described below) on GC columns of different polarity.
Gas chromatographic-mass spectrometic (GC-MS) analyses were conducted on a HewlettÐPackard 5890 Series II gas chromatograph and 5971 mass-selective detector Þtted with an SPB-5 (30 m ϫ 0.2 mm i.d., 0.20 m Þlm thickness; Supelco Inc., Bellefonte, PA) fused silica capillary column. The carrier gas was ultrapure helium with a column head pressure of 105 kPa. The column temperature was programmed from 70ЊC (2 min hold) to 220ЊC (10 min hold) at 10ЊC/min. Temperatures of the splitless injector and the GC-MS interface were set at 285ЊC and 280ЊC, respectively. Mass spectra were scanned from m/z 40 to 300 and acquired data were collected and analyzed on a HewlettÐPack-ard Workstation (HP 486/33T; HewlettÐPackard Co.) using HP Chem/Station software.
The synthetic pheromone standards, (Z) and (E)-9-tetradecenal (Z and E9 Ð14:ALD), (Z) and (E)-11-hexadecenal (Z and E11Ð16:ALD), (Z)-9-tetradecenol (Z9 Ð14:OH), and (Z)-11-hexadecenol (Z11Ð16: OH), were purchased from S. Voerman, Institute for Pesticide Research, Wageningen, The Netherlands; n-hexadecanal (16:ALD) and n-pentadecanol (15:OH) were from Sigma Co., St. Louis, MO). The n-pentadecanal (15:ALD) internal standard was converted from 15:OH according to the procedures of Corey and Schmidt (1979) .
Electroantennogram (EAG) Assay. EAG measurements were conducted using excised antennae from 1-or 2-d old males (Roelofs 1984) . Moths were immobilized with carbon dioxide, one antenna was removed, then the severed end of the antenna was inserted into the reference electrode and the tip into the recording electrode. The electrodes were made by inserting a chloridized silver wire into a glass disposable pipet until the end of the wire was about 1 cm from the pipet tip. The electrodes contained saline solution (NaCl 7.5 g/liter; CaCl 2 0.21 g/liter; KCl 0.35 g/liter; and NaHCO 0.2 g/liter), and were connected to a microelectrode ampliÞer (Johnson Co., Baltimore, MD) linked to a digital storage oscilloscope (Tektronix 2212; Tektronix, Inc., Beaverton, OR). The antenna was exposed to a constant stream of humidiÞed air (100 ml/min). A 5-ml glass syringe was used to puff 2 ml through the pipette containing the individual fractions into the stream of humidiÞed air and thence over the antenna. The ampliÞed antennal response was recorded to the nearest 0.1 mV. Volatilized CH 2 Cl 2 was the control.
Volatilized glandular extracts, separated into 1-min fractions by GC, were collected using 75 l micropipettes until no further peaks were observed on the chromatogram. EAG responses to the fractions or the synthetic pheromone components were recorded. The synthetic pheromone compounds tested were Z9 Ð14:ALD, Z9 Ð14:OH, 16:ALD, Z11Ð16:ALD, and Z11Ð16:OH. A 75 l disposable micro-pipette was Þlled with 75 l of a hexane solution containing the test compound (100 ng/l), then the solution was expelled leaving the synthetic pheromone adsorbed to the pipette walls. The volatilized pheromone contained in the pipette was then blown over the recording antenna as described previously.
Wind Tunnel Bioassay. The wind tunnel was a 1.8-m long ϫ 0.9 m ϫ 0.9 m Plexiglas chamber. Four sliding doors were located along the side of the tunnel and overhead illumination was provided by a bank of eight 25 W red incandescent bulbs that were diffused by semiopaque panels and regulated to Ϸ88 lux, measured inside the wind tunnel. Incoming air was pushed with a fan through a 2.6-cm thick sheet of Lewcott charcoal adsorbant material (150% activated carbon; Lewcott Corp., Millbury, MA) and cheesecloth screen, thence into the tunnel to produce a puriÞed and relatively laminar airstream. The down-wind end of the tunnel was Þtted with a metal screen, and air was exhausted outside of the building. Airßow within the tunnel was maintained at Ϸ0.25 m/s. One-to 3-d old males were acclimated for at least 1 h in the wind tunnel room before testing. Each male was held in a 10 cm ϫ 6 cm-diameter cylindrical metal screen cage sitting on a 10-cm high platform at the downwind end of the tunnel. Males were introduced into the tunnel that already contained a test stimulus and their behavior was recorded. Males were used only once. Tests were conducted 2 to 4 h after the onset of the scotophase (16:8 light-dark photoperiod). Eight behavioral categories were recorded: (1) activation, characterized by the onset of continuous and rapid wing fanning; (2) taking ßight; (3) Ôlocking-onÕ, a period of about one second when the moth hovered in the pheromone plume without making forward progress; (4) upwind orientation, typiÞed by the zigzagging ßight behavior characteristic of male moths (Baker and Vickers 1997; Cardé and Mafro-Neto 1997) ; (5) upwind ßight half way up the tunnel; (6) complete ßight; and (7) touching the stimulus source. Three kinds of stimuli were used in wind tunnel tests: calling female moths, pheromone gland extracts, or a synthetic pheromone blend. A single 2-to 3-day-old, virgin female was placed in a plastic cage (4.8 cm ϫ 4.8 cm ϫ 2 cm) that had two metal screen windows perpendicular to the airßow. Glandular extracts (equivalent of Þve females) or the synthetic pheromone mixture (0.4 g Z9 Ð14:ALD and 2 g Z11Ð16: ALD) were applied to a 1.5-ϫ 1 cm Þlter paper (#42 Ashless; Whatman International Ltd., Maidstone, England) strip that was pierced with a needle inserted in a cork and the Þlter paper was suspended 10 cm above the tunnel ßoor.
The emission rate and ratio of the two synthetic pheromone compounds were determined by placing a Þlter paper strip loaded with a mixture of various amounts of Z9 Ð14:ALD and Z11Ð16:ALD in a volatile collection tube. The emitted volatiles were collected and eluted using the same method as with the pheromone collection, and quantiÞed by GC using the internal standard 15:ALD. The amount and ratio of Z9 Ð14:ALD and Z11Ð16:ALD applied on the Þlter paper strip were then adjusted to mimic typical emission rates from individual female moths as was conÞrmed by capillary GC. The Z9 Ð14:ALD and Z11Ð16:ALD used for behavioral assays were Ͼ99.9% pure, as measured by capillary GC.
Results
Identification of the Female Sex Pheromone. GC analysis initially indicated the presence of four major compounds in female T. luctuosa glandular extracts (30 min extraction). These compounds were tentatively identiÞed by congruity of retention times with standards as Z9 Ð14:ALD, Z9 Ð14:OH, Z11Ð16:ALD, and Z11Ð16:OH. However, when the glands were extracted for just 10 min, only two major peaks, Z9 Ð14: ALD and Z11Ð16:ALD, were evident. No peaks were found that coincided with the retention times of E9 Ð 14:ALD and E11Ð16:ALD on nonpolar and polar capillary columns. The two fractions corresponding to Z9 Ð14:ALD and Z11Ð16:ALD elicited the strongest EAG responses by male antennae in EAG bioassays, and the response to Z9 Ð14:ALD (3.8 mV) was stronger than to Z11Ð16:ALD (3.4 mV). All other fractions gave a response Յ0.8 mV, similar to the solvent control.
The mass spectrum of the Þrst eluting peak showed the diagnostic ions 214 (M . GC-MS analysis of DMDS derivatives (Doolittle et al. 1985) established that the 14-carbon compound had a ⌬9 double bond and the 16-carbon compound a ⌬11 double bond. The geometry of the bonds in both compounds was assigned as (Z) based on retention times that matched corresponding synthetic compounds using a polar column (Stabilwax) that provided baseline separation of both isomers.
The synthetic compounds were tested for antennal activity by EAG. Male moth antennae responded strongly to the synthetic pheromone standards, Z9 Ð 14:ALD (3.6 mV) and Z11Ð16:ALD (3.2 mV). Another compound, Z9 Ð14:OH, also gave a strong EAG response (3.8 mV); however, it was not detected as a major component in the GC analyses when the glands were extracted for 10 min, nor was it detected in airborne emissions. The other two compounds tested, 16:ALD and Z11Ð16:OH, gave an EAG response (0.8 mV) equal to the solvent control.
The volatiles released by individual calling females were collected and analyzed by GC-MS. The two major pheromone components detected in the glandular extracts, Z9 Ð14:ALD and Z11Ð16:ALD, also were found in the airborne emissions. However, the ratio of Z9 Ð14:ALD to Z11Ð16:ALD emitted by females was markedly different from that contained in the pheromone gland extract (Fig. 1) . The amount of Z9 Ð14: ALD was higher than Z11Ð16:ALD in the air collection from individual calling females, whereas in the pheromone gland extract, the opposite was true (Fig. 1) . The higher ratio of Z9 Ð14:ALD to Z11Ð16:ALD in the air collection is probably because of the higher volatility of the shorter carbon chain Z9 Ð14:ALD.
Volatile collections revealed that female T. luctuosa emitted 94 Ϯ 36 (SD) ng Z9 Ð14:ALD and 45 Ϯ 17 ng Z11Ð16:ALD per hour on average, and the release rate varied considerably among individuals (Fig. 1) . The emitted ratio of Z9 Ð14:ALD to Z11Ð16:ALD also showed some variability among individuals, ranging from 1.3 to 3.5 with an average of 2.2, but showed no signiÞcant relationship with the release rate (P ϭ 0.40) (Fig. 1) . Glands extracted 2Ð 4 h into the scotophase, when titers are maximal (Cao 1997) , contained an average of 17 Ϯ 15 ng Z9 Ð14:ALD and 58 Ϯ 41 ng Z11Ð16:ALD. The titer of pheromone components in the gland varied by individual (Fig 1) . However, the ratio of the two major components remained relatively constant at 0.3 Ϯ 0.15 among the individuals tested. Again, there was no signiÞcant relationship between ratio and total amount of the two major components (P ϭ 0.97) (Fig. 1) .
Wind Tunnel Bioassays. Preliminary tests indicated that a Þlter paper strip loaded with 0.4 g Z9 Ð14. ALD and 2 g Z11Ð16:ALD released pheromone into the air at an amount equivalent to a single female moth. It is noteworthy that when the ratio of the two components emitted from the Þlter paper was regulated to match the mean ratio emitted by a calling female, the ratio applied to the Þlter paper (0.2) was similar to that contained in the gland extract (0.3).
Almost all (95%) males tested in wind tunnel assays were activated by calling females and 89% took ßight after release from the cage, as compared with 80% activation and 74% taking ßight in response to pheromone gland extracts, and 88% activation and 84% taking ßight in response to a synthetic mixture of 0.4 g of Z9 Ð14:ALD and 2 g of Z11Ð16:ALD (Fig. 2) . Locking-on was observed in 84% of males tested with calling females and about three-quarters oriented toward the calling females. Only slightly more than half of the males locked-on to the plume and then oriented upwind to the glandular extracts or the synthetic pheromone mixture. Overall, 68%, 46%, and 56% of the males completed the ßight, landed/touched the source in response to calling females, gland extracts, and the synthetic pheromone mixture, respectively. For all three pheromone sources, if the male moth ßew half way, it eventually reached the source (Fig. 2) .
Discussion
We report here that the major sex pheromone components of T. luctuosa are Z9 Ð14:ALD and Z11Ð16: Fig. 1 . Total amounts and ratios of the major pheromone components (Z9Ð14: ALD and Z11Ð16: ALD) in individual T. luctuosa gland extracts (top), and emission rate and corresponding ratios from individual females (bottom) presented in descending order of amount. Relationships between ratio and total amount of the two constituents in gland extracts (P ϭ 0.97) and the airborne emission ratio and rate (P ϭ 0.40) were not signiÞcant by regression analysis.
ALD. Wind tunnel studies indicated that both compounds are essential for eliciting oriented upwind ßight by T. luctuosa males. These two compounds also are among the most common pheromone components of species in the Noctuidae and moths in general (Arn et al. 2000) .
There is currently no consensus regarding the higher-level classiÞcation of the Noctuidae (M. Pogue, personal communication), a situation that has confounded classiÞcation of T. luctuosa as well. The most recent noctuid catalog (Poole 1989) , places T. luctuosa in the subfamily Ophiderinae (ϭ Catocalinae), for which many pheromones have been identiÞed. Of the ophiderines whose pheromones are known, most use 19 to 21 carbon, di-or triunsaturated hydrocarbons or their epoxy derivatives (Arn et al. 2000) . Other authorities (T. McCabe, personal communication), on morphological grounds, tentatively put T. luctuosa in the subfamily Acontiinae, wherein the majority of species use 10 to 16 carbon, monounsaturated acetates or, less commonly, the corresponding aldehydes as pheromones (Arn et al. 2000) . The pheromone components of T. luctuosa are clearly more allied to those typically found in the Acontiinae, suggesting that assignment to this subfamily may be more appropriate.
Several pheromonal compounds such as Z9 Ð14:OH, Z9 Ð14:ALD, Z11Ð16:OH, Z11Ð16:ALD were contained in gland extracts of T. luctuosa, but only Z9 Ð14:ALD and Z11Ð16:ALD were identiÞed in emissions from calling females. The other components may be biosynthetic precursors and intermediates, because the different functional groups of aldehyde, alcohol, and acetate can be biosynthetically interconverted (Jurenka and Roelofs 1993). The reduced incidence of upwind ßight by the gland-derived blend is consistent with other studies. The diminished response may be a result of the presence of alcohols that were not part of the released pheromone blend. Alcohols that are present in glands but not a part of the emitted blend are known to inhibit male response in several moths (Witzgall and Priesner 1991, Liu and Haynes 1993) .
Tyta luctuosa females exhibited considerable variation in emission rates of the two major pheromone compounds; however, the emission ratio of the two compounds was relatively consistent. Individual variance in emission rate could be related to one or more factors including age, physiological status, and the time during scotophase when pheromone was collected, among others (Lö fstedt 1990).
A higher percentage of males exhibited complete ßights to calling females compared with the 2-component synthetic blend, which duplicated the femaleemitted quantity and ratio of these constituents. These Þndings suggest that the blend we have identiÞed may lack one or more minor components, because partial pheromone blends generally do not elicit the full behavioral repertory that complete blends do (Linn et al. 1987) . Alternatively, structural differences in the pheromone plumes emanating from female glands versus Þlter paper dispensers could also account for the divergent male response. Nonetheless, we now appear to have an effective blend for use in trap lures, because results of wind tunnel tests generally presage those obtained in the Þeld (Baker 1984) . Our results should serve as a useful basis for developing a pheromone-based trapping system to monitor the presence, dispersion, dispersal, and, possibly, relative population abundance of T. luctuosa.
